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ABSTRACT. The mathematical treatment of evolutionary non-associative elasto-plasticity is still
in its infancy. In particular, all existence results thus far rely on a spatially mollified stress
admissibility constraint. Further, the evolution is formulated in a rescaled time from which it is
very difficult to infer any useful information on the “real” time evolution. We propose a causal
spatio-temporal mollification of the stress admissibility constraint that, while no more far-fetched
than a purely spatial one, produces a more elegant and complete evolution for such models, and
this in the “real” time variable.

1. INTRODUCTION

In the past few years, small strain elasto-plasticity has seen a (modest) rebirth because of a change
of perspective. While in the seminal work of P.-M. Suquet [22], elasto-plastic evolution was seen
as the limit of visco-plastic evolutions as the viscosity parameter tends to 0, the evolution is now
preferably viewed [3] as an energy conserving variational evolution in the spirit of A. Mielke’s
general framework [16].

Elasto-plastic evolution of a homogeneous elasto-plastic material occupying a volume 2 C R™,
with Hooke’s law (elasticity tensor) A and subject to a time-dependent loading process with, say,
f(t) as body loads, g(t) as surface loads on a part I',, of 99, and w(t) as displacement loads (hard
device) on the complementary part I'y of 9 results in the following system where Fu(t) denote
the infinitesimal strain at ¢, that is, the symmetric part of the spatial gradient of the displacement
field u(t) at ¢, o(t) is the Cauchy stress tensor at time ¢, and e(t) and p(t) (a deviatoric symmetric
matrix) are the elastic and plastic strain at ¢:

e Kinematic compatibility: Fu(t) = e(t) + p(t) in Q and u(t) = w(¢) on T'y;

e Equilibrium: divo(t) + f(t) = 0 in Q and o(t)v = g(t) on I',,, where v denotes the outer
unit normal to 0%;

e Constitutive law: o(t) = Ae(t) in Q;

e Stress constraint: op(t) € K, where op is the deviatoric part of the Cauchy stress o, and K
is the admissible set of stresses (a convex and compact subset of deviatoric n X n matrices);

e Flow rule: p(t) =0 if op(t) € int K, while p(t) belongs to the normal cone to K at op(t)
if op (t) € 0K.

The corresponding variational evolution, as discussed in [3], formally consists in the following
four-pronged formulation, for ¢ € [0, 7],

e Kinematic compatibility: Eu(t) = e(t) + p(t) in Q and u(t) = w(t) on I'g;
e Global stability: The triplet (u(t),e(t), p(t)) globally minimizes

%/ﬂAn:ndm—F/ﬂH(q—p(t))dx
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among all admissible triplets (v, 1, ¢), where H(p) is the support function of K, i.e., H(p) :=
sup{op: p : op € K};

e Constitutive law: o(t) = Ae(t) in Q;

e Energy balance:

d€ . n—1 ; . n—1
G0 = [ wom i ae - [ o [ oo e,

n

where

£(t) ::%/QAe(t):e(t) dx—l—/ot/QH(p(s))dxds—/Qf(t)~u(t) dx—/rng(t)-u(t) dH"

Unfortunately that formulation seems ill suited to deal with a slew of plastic models that share a
common feature, non-associativity. The concerned material behavior ranges from that of a soil (in,
e.g., Cam-Clay plasticity or Drucker-Prager plasticity) to that of a metal when nonlinear kinematic
hardening is introduced (Armstrong-Frederick type models').

In any case, those non-associative models are thought to lie beyond the reach of any kind of
variational formulation. However, it has been recently shown, first for Cam-Clay plasticity in [4, 5],
then for Drucker-Prager plasticity in [2], and finally for Armstrong-Frederick type materials in [11],
that this view is not correct and that a variational formulation can be brought forth for a rather
generic model of non-associative elasto-plasticity.

However that formulation is plagued by several defects. First it cannot proceed if the set of
admissible stresses is not bounded in all directions in the space of symmetric matrices. But this
is not so unless a cap is imposed on the admissible stresses in some directions [2]. Then, the
variational formulation introduces a set of admissible stresses that depends on the actual stress.
The analysis does not seem to handle that dependence very well because the actual stress is not
continuous. The way out consists in mollifying the actual stress in the formulation [4].

Finally, it proves impossible to carry through the analysis in real time because of a lack of
Lipschitz estimates in time (see, e.g., [4]). The remedy is to rescale time (essentially using the
energy as the new time), so as to recover Lipschitz estimates. That idea, borrowed from [17, 18],
but whose germ is in [8], yields an elasto-plastic evolution in rescaled time. It is then extremely
difficult to recover a real time evolution; this is the object of [5] which only partially succeeds in
such an endeavor.

In this paper, we propose to demonstrate that such a rescaling is unnecessary in all models of
non-associative elasto-plasticity that have been considered thus far, provided that the mollification
of the actual stress is (slightly) modified. In lieu of a spatial convolution, we suggest a space-time
convolution, the time part of that convolution only involving the past so that causality is preserved.

The paper is organized as follows. A first section is devoted to the generic formulation of a
non-associative cap model in a framework that will be palatable to the subsequent analysis. The
second section addresses the existence of a visco-plastic evolution. Viscosity type approximations
for quasi-static elasto-plastic evolution problems have been used many times, starting with the
pioneering work of P.-M. Suquet [22]; more recently, approximations that combine viscosity and
dynamics have also been proposed [6]. In all cases, the approximation rested on a time-incremental
process whereas, in our setting, existence cannot be secured through such a process. Rather, we
use a faster and, in our opinion, more elegant fixed point argument. In Section 4 we prove the
main result of the paper, namely Theorem 4.1, which states an existence theorem in real time.

The obtained results conform to our expectation that one should indeed recover an evolution in
real time, at least in the Drucker-Prager context, because the solution in the spatially homogeneous

IThe Armstrong-Frederick model is the simplest plastic model that phenomenologically captures the so-called
Bauschinger effect, a kind of hysteretic behavior often observed in metals under cyclic loadings [12].
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case has been shown in [13, Theorem 5] to be continuous in time, at least for particular classes of
sets of admissible stresses.

Finally, we limit the loading process to a hard device, that is, to a displacement w(t) acting on
the entirety of the boundary 02 of our domain. This is certainly a simplifying assumption because
it alleviates in particular the need for safe load conditions on the loads f(¢) and ¢(¢) and renders
duality much simpler. Those can become at times a thorny issue in plasticity. We are confident
that the analysis remains the same if general loads were to be incorporated into the evolution.

2. DESCRIPTION OF THE MODEL

In this section, we provide an overview of the type of models that can be addressed.

2.1. The relevant model. The context is that of small strains. Let & C R™ be a bounded
open set occupied by a homogeneous elasto-plastic material. We denote by wu(t) : @ — R” the
displacement field at time ¢ and by Fu(t) := (Du(t) + Du”(t))/2 the strain tensor. As is usual in
small deformations plasticity, the strain tensor is additively decomposed as

Eu(t) = e(t) + p(b),

where e(t) and p(t) stand for the elastic and plastic strains, respectively. This is part of what will
be referred to as kinematic compatibility. The constitutive equation which relates the (Cauchy)
stress tensor o to the elastic part e of the linearized strain is also assumed to be linear, i.e.,

o(t) = Ae(t),
where A is the Hooke tensor. At equilibrium, and if no volume forces are applied to the sample,
the stress satisfies

diveo(t)=0 in Q.
It is also constrained to remain in a o-dependent compact convex subset K (o (t)) of the set M
of n X n symmetric matrices, that is,
o(t) € K(o(t)).
The behavior of the plastic strain is governed by the following flow rule: denoting by p the time
derivative of p,
p(t) € Ak (o)),
where I denotes the indicator function of the set K.
Finally, as announced in the introduction, the material is subject to a hard loading device; in
other words, a Dirichlet boundary condition u(t, ) = w(t, x) is imposed on 9.
Our goal is to obtain a triplet (u(t,x),e(t,x), p(t, z)) such that

Eu(t,x) = e(t,x) + p(t, z),
o(t,x) = Ae(t, ),
divo(t,z) =0,
o(t,z) € K(o(t,x)),
Pt x) € 0K (o(t,2))s
together with the Dirichlet boundary condition. Of course, we know from prior works on plasticity

that we cannot expect the boundary condition to be satisfied because plastic strains may develop
at the boundary, so that, as seen later, we will have to replace that condition by

p(t,z) = (w(t,z) —u(t,z)) ©v(z) on .

Throughout, the symbol ® stands for the symmetrized tensor product, while v denotes the outer
unit normal to 0f2.
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When K (o) is independent of o, the model is associative, and the plastic strain rate obeys the

usual normality flow rule (see [14])
pE NK(O'),
where Nk (o) is the normal cone to K at o € K.

However, whenever significant volume variations accompany the plastic deformation, the prin-
ciple of maximum plastic work is no longer valid and thus the associative flow rule should be
abandoned in favor of a non-associative model. Various works [2, 4, 5, 7, 11] have recently tackled
the issue of non-associativity and shown that many non-associative models can actually be viewed
as “regular” models of elasto-plasticity, provided that the set of admissible stresses is allowed to
depend on the stress field o.

We next define the dissipation potential H : M " x M{ " — R as the support function of
K (o), that is,

H(o,p) = max 7:p,
( p) TEK (o) p

and note that, for a fixed o, it is convex, subadditive, and positively one-homogeneous in p.
By standard convex analysis, the inclusion p € 0lk(,)(0) is equivalent to o € 02 H(o,p), where
02 H (0, p) denotes the subdifferential of £ — H(0,£) at p. Thus, an equivalent formulation of the
problem is

Eu(t,z) = e(t,z) + p(t, ),
p(t,x) = (w(t,z) —u(t,x)) ©v(zr) on 09,
o(t,x) = Ae(t,x),
divo(t,z) =0,
o(t,x) € H(o(t,x),p(t,x)).
Note that the last condition implies the stress constraint o(t,z) € K(o(t,z)) by the positive
homogeneity of £ — H(o,§).
In what follows, we will assume that:

(HO) The map & — H(x,€) is convex and positively one-homogeneous;
(H1) The map H is continuous over MZX™ x M2x":

sym sym
(H2) There exist 0 < ag < Bg < +0o such that
B(0,am) C K(0) C B(0,By) for every o € Mg, (2.1)
or still
aulpl < H(o,p) < Bulp| for every o,p € M0 (2.2)

(H3) There exists a constant Cy > 0 such that

|H(o1,p) — H(oa,p)| < Crlplloy — 02| for any o1,02,p € Mg

sym

(H4) There exists a constant C%; > 0 such that

[P (1) (T) = Pr(o2) (T)| < Cpylor — 02| for any 01,00, 7 € M50

sym
where Py () denotes the minimal distance projection onto the convex set K (o).

We introduce the perturbed dissipation potential H. : M{xX" x M{x" — [0, +0c) defined, for
each ¢ > 0, as

€
H5(07p) = H(U7p) + §|p|2
The convex conjugate HZ : M x Mgt — [0, +00) of H. with respect to the second variable is
defined by
H:(o,7):= sup {T ip— HE(U,p)}.

nxn

PEMsym
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Using standard convex analysis, see [20, Theorem 16.4], one can show that
T — Pre(o) ()|
2¢ '

In particular, H} is differentiable with respect to the second variable, and its partial derivative is
given by

H; (07 T) =

— Px(o
N.(0,7) = 0o H (0, 7) = — KT I;( )(T).

Note that, since 0 € K (o) by (2.1), we have
1
[Ne(o, )| < 2l

and this implies that, for any o, 71 and T2 € M7,

* * 1
[He(0,m1) = He(o,72)| < —(Ima| + [72])|m = 7o
Actually, N, is Lipschitz continuous. Indeed, we have the following result.

Lemma 2.1. Let C}; := C}y + 2, where Cl; is the constant in (H4). Then
1"
|Ne(o1,71) = Ne(o2, 72)| < TH (o1 = o2 + |11 — 72|)

nxn

for any o1, 02, T and T2 € Msym.

Proof. By definition of N, and since the projection is 1-Lipschitz continuous,
2
|Ne(0,71) — Ne(o,72)| < g|7'1 — T2l

On the other hand, by (H4) we have
O/
|N5(017T) - NE(027T)| < ?H|Ul — 02|,

so that we obtain the thesis. O
As a final note, given o € L?((; M%), we define the set

K(o):={r € L%Q;M?Jﬁ) :7(x) € K(o(z)) for a.e. x € Q}.
Then, if 7 € L?(Q; M231),

sym
dista (T, K(0))
N, Pl = 2D, (2.3
where, for any closed set C C L*(Q; M), disty(7,C) is the L?-distance from 7 to C.

2.2. Mathematical setting. Throughout the paper, € is a bounded connected open set in R"
with Lipschitz boundary. The Lebesgue measure in R™ and the (n — 1)-dimensional Hausdorff
measure are denoted by £" and H" !, respectively.

We use standard notation for Lebesgue and Sobolev spaces. In particular, for 1 < p < oo, the
LP-norms of the various quantities are denoted by || - ||,. The space M(£2;M2X") is that of all

- sym
My, -valued finite Radon measures on 2, and the norm in that space is denoted by || - [|1. By
the Riesz Representation Theorem, M(Q;MZ%") can be identified with the dual of C(Q;MZx").

Finally, BD(Q) stands for the space of functions with bounded deformations on €, i.e., u € BD(Q)
if we L'(Q;R™) and Eu € M(Q; M) (the space of all M7, -valued finite Radon measures on

Q), where Eu := (Du+ Du®)/2 and Du is the distributional derivative of u. We refer to [23] for
general properties of that space.
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Let A be a fourth order Hooke tensor satisfying the usual symmetry properties A;jrn = Ajikn =
Apnij for every 4, j, k, h € {1,...,n}, and

aalé]? < A€ : € < Balef?, (2.4)

for some 0 < ay < B4 < 400 and every £ € M. We define, for any e € L*(;M7"), the
elastic energy as

1
zi/ﬂAe:edx.

If 0 € L2(Q;M2X") and p € L?(Q; M7X") we define the functionals

sym sym

H(o,p) ::/QH(U,p)dsc, He(o,p) Z:/QH5<O',p) dx

while, if o € C(Q;M™X") and p € M(Q; M™X") the first functional is defined as

sym sym

W)= [ 1(o L) ap

where p/|p| denotes the Radon-Nikodym derivative of p with respect to its variation measure |p|.

Remark 2.2. The following lower semi-continuity results hold: If {o}} C C(;MZ"), {pr} C
M(Q; M4 o, — o uniformly in Q, and pp — p weakly* in M (Q;M72X"), then

sym sym
H(o,p) < liminf H(og, pr)-
k——+oo

Indeed, hypothesis (H3) implies that
[H (o, pr) — H(ow, pi)| < Crllo — okllsollprllr = 0,
since {py} is bounded in M (Q;M2%"). Hence

sym

lim inf 34(o, pi) = lim inf 34(, py.).

Since (x,&) — H(o(x),&) is (lower semi-)continuous, while £ — H (o (z), ) is convex and positively
one-homogeneous, we infer from the Reshetnyak Lower Semi-continuity Theorem (see, e.g., [1,
Theorem 2.38]) that liminf, H(c, pr) > H(o, p). 9

When letting the viscosity parameter tend to 0, we will only obtain weak convergence in L2
of the approximating o-sequence, and convergence in the space of measures of the approximating
p-sequence.

Unfortunately, the Reshetnyak Lower Semi-continuity Theorem is false when H fails to be (lower
semi)-continuous, so that we are pretty much forced to restrict our analysis to continuous stresses;
but continuity is not preserved under L2-weak convergence, which is the best we can hope for the
various sequences of stresses that will enter the formulation. Consequently, the analysis will soon
grind to a halt for lack of lower semi-continuity of H. This is why it was first proposed in [4]
to perform a regularization of o in the definition of K(¢). That was achieved by introducing a
convolution kernel p and replacing K(o) by K(o * p) defined below.

We fix p € CL(R™) and set, for o € L?(Q; M2X1),

sym

v e (05 p)a) = [ ple =yl dy

The convolution o * p defines an element in C*(€2; M7<7).
Note that, with that definition of the convolution, if o}, — o weakly in L?(£; M5 ), then, in
particular,

o *p— o xp uniformly on Q.
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With this kind of regularization, it proved possible to establish the following existence theorem
for a quasi-static evolution in a rescaled time setting, see, e.g., [2, Theorem 4.1 and page 289]. We
extend the boundary datum w € H*(0,T; H'(Q;R")) to w(T) for t > T.

Theorem 2.3. Let w € H'(0,T; H'(€;R™)) and let (uo,eo,po) € BD(Q) x L*(QMZ<") x
M(Q; M2X™) be such that

sym
Eug=ey+po inQ,
po = (w(0) —ug) ®©vH™ ! on 09Q,

and
divog =0 nQ, oo € K(op * p),

where oo := Aeg. Then, there exist T > 0 and a mapping [0,T] > s — (u°(s),e°(s),p°(s),t°(s))
such that

u® : [0,T] — BD(Q) is strongly continuous and a.e. weakly* differentiable;
e®: [0,

20, T) — L?(Q; M X" is strongly continuous and a.e. differentiable;

sym
p° 1 [0, T] = M(Q; M) is 1-Lipschitz continuous;

sym

t° 1 [0,T] — [0, 4+00) is nondecreasing and 1-Lipschitz continuous, with t°(T) > T.
Further, setting o° := Ae®, the following properties are satisfied:
Initial condition: (u°(0),e°(0),p°(0),t°(0)) = (uo, €0, o, 0);
Kinematic compatibility: For every s € [0,T],
Eu®(s) =e°(s) +p°(s) inQ,
p°(s) = (w(t°(s)) —u°(s)) © vH"™1  on Oy

Equilibrium condition: For every s € [0,T],

dive®(s) =0 in Q;

Partial stress constraint: For every s € [0,T]\ U°®,

o°(s) € K(o°(s) * p),
where U° := {s € (0,T) : t° is constant in a neighborhood of s};
Energy equality: For every S € [0,T],

S S
Q(6°(S))+/O H(0°(8)*p,ﬁ°(8))d8+/0 1% () |2 dist2(°(s), K(a°(s) * p)) ds

= Q(eo(O))—l—/OS/an(s):Eu’;o(s)dxds.

Interpreting this evolution in “real” time is a non trivial task that was partially undertaken in
[5]. But much information is lost because it may be so that there is no interval of finite length
lying entirely outside U°. Also, as mentioned before, there is a certain degree of arbitrariness in
the rescaling which immediately begs the question of the dependence of the jump times (the image
of U° through ¢°) upon said rescaling.

Our goal in what follows is to show that a slightly different regularization completely alleviates
the need for rescaling in time and permits to obtain a real time evolution with well defined jump
times.
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We thus introduce p € CLHR"!) with 0 < p(t,2) < 1 and [;° [p. p(t, ) dzdt = 1. Set, for
0 € L>®(—oc0,T; L?(Q;MX1)),

sym

(t,z) € (=00, T] x Q> (0 p)(t, ) ::/_ /Q p(t — s,z —y)o(s,y)dyds.

The convolution o * p defines an element in C((—o0,T] x Q;M?X") N L (—o0, T; L2(£; M2X")).

sym sym
Also remark that, with the above definition of the convolution, if

or — o weakly® in L>(—o0, T; L*(Q; M™X")),

sym
then, in particular,
op *p— o+ p uniformly on [0,T] x Q. (2.5)
Indeed, we clearly have pointwise convergence. On the other hand, the functions oy * p are equicon-
tinuous on [0, 7] x €, so that the thesis follows from the Ascoli-Arzela Theorem.
For now, we address in the next section the visco-plastic regularization.

3. THE VISCO-PLASTIC MODEL

We propose in this short section to establish existence of the solution to the visco-plastic regu-

larization. In contrast with the case of a space only regularization, it is not possible to proceed

through a time incremental process because of the temporal non-local dependence of o % p on o.

Rather our proof will be based on an actually more direct and faster fixed point argument.
Consider a boundary displacement w € H*(£2;R™). We set

sym sym

Aveg (w) = { (v,,0) € H'(QR™) x L2(5Migit) x L35 Mlgit)

Ev=n+qae inQ, v=w H" lae. on BQ}. (3.1)

The main result of this section is the following existence result for the non-associative visco-
plastic evolution.

Theorem 3.1. Let w € W1°(0,T; H'(Q,R")), let (ug, €9, po) € Areg(w(0)) be such that divoy =
0 in Q, where ¢ := Aeg, and let € > 0. Then, there exists a unique triplet (uc(t),es(t),p:(t)) €
Aveg(w(t)) with
ue € WH(0,T; H' (4 R™)),  ec € WH(0,T; LA (M), pe € WH(0,T; L2 (ML),
such that, setting
Ae.(t or0<t<T,

o:(t) := {Aeo( ) j:ort <o,
the following conditions are satisfied:
Initial condition: (uc(0),e:(0),pe(0)) = (uo, €0, Po);
Kinematic compatibility: For every t € [0,T],

Eu.(t) =e(t) + pe(t) a.e. inQ,

u-(t) =w(t) H" '-a.e. on Yy
Equilibrium condition: For every t € [0,T],

divo.(t) =0 in
Regularized non-associative flow rule: For a.e. t € [0,T],
Pe(t) = Ne((oc % p)(t),0-(t)) for a.e. x € Q,
or equivalently,
0e(t) — epe(t) € O2H (0 % p)(t),p:(t)) for a.e. x € Q.
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In particular, €||pe(t)||2 = distz(o(t), K((oe * p)(1))).
We call such a triplet a non-associative visco-plastic solution.

Proof. Let

A5 L59(0,T5 IO M) — T(0,T5 L0 M)
be the operator that maps p € L>(0,T; L*(€; MZ")) into A(p) € L>(0,T; L*(Q; M7")) defined
as follows: for a.e. t € [0,7]

A(p)(t) = Eu(t) = p(t),
where u(t) € H'(Q;R") is the solution of div A(Eu(t) — p(t)) = 0 in Q, u(t) = w(t) on IN. Let

Koo L°°(0,T; LA(Q; M™X™)) — L0, T; L2 (§; M X™))

sym sym

be the operator defined as follows: given e € L°°(0,T; L?(Q; M?X")), we first extend e to (—o0,0)

sym

by setting e(t) := eg for every ¢t < 0; we then define K.(e) € L>(0,T; L?(Q; M%X")) by

sym

Ko(e)(t) == po + / N.((Ae) # pls), Ae(s)) ds

for a.e. t € [0,T]. In view of Lemma 2.1, (2.4), and the properties of p, we have that

sym

C//C t
H]Cs(el)(t) — ’CE(GQ)(t)HQ S %/0 (Hal - 0—2‘|L°°(O,t;L2(Q;M"X"))+ ||0'1(5) — 0'2(8)”2) dS

< B4 Ch Pt||(31 62||Lm(0)t;L2(Q;ngxn?)), (3.2)

where C, is a constant depending on p and we have set o; := Ae;, i = 1,2. By classical elliptic
estimates we have

[A4G)@) — A0l < (1+22) Ip1(0) = 20 (33)

Combining (3.2) and (3.3) we get

S8 (el
(Ao Ke)(er) = (Ao Ke)(ea)ll (o prsamnsny < (1+—A)ﬁ e R ——

sym )
Thus for ¢ small enough, A o K. is a strict contraction on L>(0,¢; L%(Q; M7%%")). Hence there

sym
exists a unique fixed point e. € L>(0,t; L*(9; M, ;7)) and, consequently, there exists a unique

triplet (uc(s),e:(s),p:(s)) € Areg(w(s)) satisfying for a.e. s € (0,t) the kinematic compatibility,
the equilibrium condition and the equality

pe(8) =po+ /Os N.((Ae.) * p(r), Aec(r)) dr.

But this implies in turn that p. € W>°(0,¢; L*(€; Mz ")), hence the additional time regularity
on (us(s),ec(s),pe(s)), and that the regularized non-associative flow rule is satisfied. We deduce
that the kinematic compatibility and the equilibrium condition hold for every time s € [0,¢], as
well as the initial condition. Since the interval (0,¢) on which the fixed point argument holds,
does not depend upon the initial conditions on the triplet (u(t),e(t),p<(t)), we can iterate the

argument and obtain a solution over the whole interval (0, 7). g

We end this subsection with two propositions stating some useful properties of visco-plastic
regularized evolutions. The proof of the first proposition is very close to that of [4, Theorem 3.4]
and is omitted here.
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Proposition 3.2. Under the assumptions of Theorem 3.1, let t — (uc(t), e<(t), pe(t)) € Areg(w(?))
with

e Whe(0,T; H'(Q;R™)), e € WH(0,T; L*(;M™XM),  p. € Wheo(0,T; LA(Q; M™X™)),

sym sym
satisfy the initial condition, the kinematic compatibility, and the equilibrium condition in Theo-
rem 3.1. Then t — (uc(t),ec(t),pe(t)) satisfies the reqularized non-associative flow rule in Theo-
rem 3.1 if and only if the following two conditions are satisfied:

1. Modified Stress Constraint: o.(t) —ep:(t) € K((oe *p)(t)) for a.e. t € [0,T], or equivalently,
since K ((o * p)(t)) = 02H (o * p)(t),0),
oe(t,x) —epe(t,x) € OoH ((0c * p)(t,x),0) for a.e. (t,z) €[0,T] X Q;
2. Energy equality: for every t € [0,T)

/’H o * p)(8), Pe(s ds—i—a/ 9= (5)]|3 ds = Q(eo) //UE : Bw(s)dxds,

or equivalently,

Q(ee(t))Jr/o%((05*0)(8),Ps(8))d8+ /0 1 (s) 2 dista(0= (), K((0c * p)(s))) ds

= Qleg) + /Ot /Q oc(s) : Ei(s)dzds.

In view of the energy equality in Proposition 3.2 and of (2.2), (2.3), (2.4), we immediately obtain
the following

Proposition 3.3. Let t — (u.(t),e:(t),p:(t)) be a visco-plastic reqularised evolution according to
Theorem 3.1. Then

T T
sup |lec(t)[l2 < Cr, s lo=(®)]l2 < Cr, / 1p=(s)l[ ds < Cr, 6/ Ip= ()13 ds < Cr,
te[0,T 0 0

te[0,T
(3.4)
hence also
||p8HBV([O’T];Ll(Q;MZ’HXJf)) <Cr, (3.5)
where Cr is an e-independent constant.

4. THE EVOLUTION

In this section we propose to pass to the limit in the visco-platic evolution obtained in Theorem 3.1,
as the viscosity parameter € goes to 0.

Because of the bounds in Proposition 3.3, we cannot expect to keep the L2-regularity of the
fields Eu and p when passing to the 0-viscosity limit and we thus have to redefine A,eq(w) from
(3.1) as

A(w) := {(v,n,q) € BD(Q) x L2(Q; M™<") x M(CM™x") -

sym sym
EBv=n+q¢inQ, ¢=(w—v)®vH" ' on GQ}

with w € H'(Q;R"). The interpretation of the boundary condition is that, if the displacement u
does not match the prescribed boundary displacement w, then the loaded boundary can experience
plastic slips.

We still keep a boundary datum w € W1°(0,T; H'(Q;R™)). The main result of the paper
is the following existence result for the regularized quasistatic evolution model in non-associative
plasticity.
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Theorem 4.1. Let w € W1>°(0,T; H'(;R"™)) and let (ug, o, po) € A(w(0)) be such that
divoo=0 inQ, o K((oo*p)(0)), (4.1)

where oo(t) := Aeg for t < 0. Then, there exists a mapping [0,T] > t — (u(t),e(t),p(t)) with
p € BV ([0, T); M(Q;M2X)) such that, setting

sym
<
olt) = Ae(t) for0<t<T,
Aeg fort <0,

the following properties are satisfied:
Initial condition: (u(0),e(0),p(0)) = (ug, €0, Po);
Kinematic compatibility: For every t € [0,T],

Eu(t) =e(t) +p(t) in Q,
p(t) = (w(t)) —u(t)) ©vH"™*  on O;
Equilibrium condition: For every t € [0,T],
divo(t) =0 in
Partial stress constraint: For every t € [0,T]\ N,

a(t) € K((o*p)(t)),

where

N s the countable set of jumps of t — Var(p;0,t) :=
= sup { S lpt) = pltic)lh: to=0<t1 <..<t,=t ne N}; (4.2)
Energy equality: For every t € [0, T]\N,

Q(e(t))+/ H((U*p)(s,x),%(s,x))dw: (co) // s)drds,  (43)

[0,4]xQ

where |p| is the variation measure associated with p viewed as a measure on [0,T] x Q;

Regularity: The maps t — u(t) and t — e(t) are continuous at all points of [0,T]\ N in the
strong topology of BD() and of L*(Q; M7x"), respectively, while |p| does not charge {t} x Q for
te[0,T]\ N;

Condition at jumps: for everyt € N

Qelt+)) — Q(e(t—)) + /

{t}xQ

p .
1 (0 )s,2), 5152 ) ] = (4.4)

where e(t—) and e(t+) denote the left and the right limit of the map t — e(t) at time t with respect
to the strong topology of L?(€2;M2X1),

sym

Proof. According to [4, Lemma 5.1], there exists a sequence {u§} in H*(£; R™) such that u§ = w(0)
H L-a.e. on 99, u§ — ug strongly in L' (Q; R"), and Fu§ — Fug weakly™ in M(Q; M2, Setting

sym
pg = Euf — eg, we have that (uj, eo, pj) € Areg(w(0)), uf — up weakly* in BD(2), and p§ — po
weakly* in M(Q ;Mg w). By Theorem 3.1 for every ¢ > 0 there exists a unique non-associative
visco-plastic solution (u.,es,p.) with initial datum (uf,eq,p§). By Proposition 3.3 the bounds

(3.4) and (3.5) are satisfied.
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Step 1 — Compactness and continuity. By application of the Helly Theorem (see [15]) to (3.5), there
exists an element p € BV ([0, T]; M(Q; MZ ")) and a subsequence of {p.} (still indexed by ¢) such
that, for every ¢ € [0, T,

pe(t) = p(t)  weakly™ in M(Q; ML ). (4.5)
We extend p.(t) to p§ for t < 0 and to p.(T') for ¢ > T, so that p.(t) =0 for ¢ < 0 and for t > T.
In view of the third bound in (3.4), we have that

pe —p  weakly”™ in M([0,T] x ML), (4.6)
that is,

/ ¢ dpe. — ¢ dp
[0,T1xQ [0,T1xQ

for every test function ¢ € C([0,T] x ;M7 ™).

By the first two bounds in (3.4) and the Korn-Poincaré Inequality in BD(2) we deduce that,
at any given time ¢, there exists a time-dependent subsequence {¢;} C {e} such that

ee,(t) = e(t) weakly in L?(Q; Mg ),
o, (t) = o(t) weakly in L*(Q; M) with divo(t) =0,

Ue, (t) — u(t) weakly™ in BD(),

with (u(t),e(t),p(t)) € A(w(t)). In fact, there is no need for subsequence extraction. Indeed, for
any ¢ € H}(Q;R™) we infer from divo(t) = 0 that

Qle(t)) < Qle(t) + Ep). (4.

7)
Thus, if another subsequence {e}} is such that e, — €/(t) weakly in L*(Q; Mg %") and ue, — u/(t)
weakly* in BD(Q) with (u/(t),€'(t),p(t)) € A(w(t)), then u(t) — «'(t) is immediately seen to be
in H}(Q;R"™) with E(u(t) —u/(t)) = e(t) — €’(t). We thus get from (4.7) that Q(e(t)) < Q(€'(t)),
hence switching the roles of e and €’ that Q(e(t)) = Q(e’(t)). Using the strict convexity of Q we
conclude that e(t) = €'(t), from which we also have that u(t) = u/(¥).

We have therefore proved that for every ¢ € [0, T
e.(t) — e(t) weakly in L?(Q;M2X"),

sym

o.(t) = o(t) weakly in L2(Q;M2X")  with divo(t) = 0, (4.8)

sym
ue(t) = u(t) weakly* in BD(Q).
In particular, the initial condition is satisfied.
Further, because of the L*-bounds in (3.4) on e. and o, and of (4.8), t — e(t) and ¢t — o(t)
are weakly measurable (with values in L?(€2;M7X")), hence strongly measurable, so that

sym

{es — e weakly* in L>(0,T; L?(£; M) (4.9)

oc — o weakly* in L>°(0,T; L*(Q; MZ)1)).
Let N be the countable set of discontinuity points of ¢ — Var(p;0,t). Then the map t — p(¢) is
continuous in the strong topology of M (€2; M™X") at all times in [0, 7]\ N. We now show that

sym

t > (e(t),o(t)) is weakly continuous in [L?(€; M™X™)]? at all points of [0,T]\ N (4.10)

sym
and
t — u(t) is weakly™ continuous in BD(2) at all points of [0,7] \ N.

Indeed, let tx — t with ¢ € N. Since

sup |le(s)[]2 < Cr, (4.11)
s€[0,T]
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for a subsequence e(t,) — e* weakly in L?(Q;M7<"), with divAe* = 0in Q. As ¢ & N, we

sym

have that p(tx,) — p(t) strongly in M(€;MZ7x"). Hence, u(ty,) — u* weakly* in BD(Q) with

sym
(u*,e*,p(t)) € A(w(t)). From the previous minimality argument we deduce that u* = u(t) and
e* = e(t). Hence, the whole sequences {e(t;)} and {u(ty)} converge to e(t) and wu(t) weakly in
L2(Q;M7?X") and weakly* in BD(f), respectively.

sym

Step 2 — Stress constraint. Recall the modified stress constraint from Proposition 3.2, namely
oe(t,x) —epe(t, z) € OoH ((oe % p)(t,x),0) for a.e. (t,2) € [0,T] x Q.
Then, for any ¢ € Mg 7,

H((o:*p)(t,x),q) > (0e(t,x) —epe(t,x)) : ¢ for a.e. (t,z) €[0,T] x Q,

hence, for any measurable set E C 2 and for a.e. t,
| et gde> [ (ot - eltia) s d.
E E

Because of the second convergence in (4.9), (o.%p)(t) — (o*p)(t) uniformly in Q for every t € [0, T.
Thanks to hypothesis (H3), (4.8) and the fourth bound in (3.4), we deduce that

/ H((o*p)(t,z),q)dx > / o(t,z) : qdx

E E

for a.e. t € [0,T]. By the weak continuity (4.10) of ¢t — o(t) in [0,7] \ N, we conclude that the

previous relation actually holds for every ¢ € [0, 7]\ N. Thus, for ¢t € [0,T]\ N,
H((ox*p)(t,x),q) > o(t,x):q forae ze,

or, equivalently,
a(t) € K((o*p)(t)). (4.12)
Now take t;, — ¢ with ¢5,¢ ¢ N. Then, in view of (4.12), o(tx) € K((o * p)(tr)), while
div o(tg) = 0, so that, appealing to, e.g., [10, Proposition 3.9, (6.5) and (6.20)] and using (2.2),

Bu|Var(p; 0,t) — Var(p; 0, )| = H((o * p)(tr), p(t) — p(t))

> - / o(t) - (e(t) — e(ty)) d + / o(t)  (Bu(t) — Buw(ty)) d

Y

/ Ae(ty) : e(ty) dz — 7/ Ae(t d:r—i—/ﬂa(tk) : (Bw(t) — Pw(ty)) dx,

or still

1 1
§/§2A€(tk) ce(ty) dr < 3 /Q Ae(t) : e(t) dx — /Qa(tk) i (Bw(t) — Bw(ty)) dx
+ B |Var(p; 0,t) — Var(p; 0, t)|.

Recalling (2.4) and the weak continuity (4.10) of ¢ — e(t) in L*(; M2 ") at t € [0,T]\ N, we
obtain that

e(ty) — e(t) strongly in L*(Q; M) for every {t} — t with tx,t € [0,T]\ N. (4.13)

sym

Step 3 — Lower semi-continuity of the dissipated energy. We now show that

hmmf/ H((oe * p)(5),p:(5)) ds > / H((o xp)(s, ), 2(s,x)) d|p| (4.14)

0,6)x%2 |p|
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for every t € [0,T), and
T

lim inf 7-[((06 * p)(s),pe(s))ds > /

e—0 [0,T]x0

p :
H((o * p)(s,x), H(s, m)) d|p). (4.15)

Indeed, for t € [0, T] we have from (H3) that
/ H((ow * p)(s), Pe(s)) ds > / H((o % p)(s), pe(s)) ds
0 0
— sup (|02 p)(5) — (0 * P)($)lloe / l6e(3)]2 ds.

s€[0,t]
Now, in view of the second convergence in (4.9) and of (2.5), for any 1 > 0 there exists some &, > 0
such that

sup  sup ||(o * p)(s) = (0% p)(8)[lo < -
0<e<&y s€[0,t]

Consequently, using the third bound in (3.4), we have

liminf/o H((oe * p)(s),pe(5)) ds >hm1nf/ H((o % p)(s),p:(s)) ds — Cp.

e—0

Now, for every t € [0,T], [0,t) x Q is a locally compact set and (4.6) implies the weak* convergence
of pe to pin M([0,£) x Q; M7x"), that is, against any test function in Co([0,#) x Q; M?JW’L‘) Thus, in
view of the assumptions (HO), (H1) on H, application of the Reshetnyak Theorem in the inequality
above is licit; letting n \, 0 yields (4.14).

For t = T , we can apply the Reshetnyak Theorem on [0, 7] x Q and obtain (4.15) by virtue of
the weak* convergence of p. to p in M([0,T] x Q;Mzx").
Step 4 — Energy equality. We first pass to the liminf. in the energy equality of Proposition 3.2.
Using the convergences in (4.8), together with the second bound in (3.4) and inequality (4.14), we
immediately get

Q(e(t)) + /

[0,t)xQ

({0 x (s, L (s.0)) i + limnt = / l-(5)]3 ds

< Q(eo) // s)dzds (4.16)

. T
%(s,x)) dlp| + limsinfa/ 15-(s)|13 ds

P
< Q(eo) / / s)dxds. (4.17)

Conversely, let A be the weak* limit of |p.| in M([0,7T] x Q). We introduce the set
M:=Nu{tel0,T]: A({t} x Q) #0}

and we note that M is a countable set. We also remark that, since divo(t) = 0 for every ¢, while
(4.12) holds at t ¢ N and also at t = 0 in view of (4.1), minimality also holds at all ¢ ¢ N and at
t = 0, that is, for any (v,n,q) € A(w(t))

Qle(t)) < Q) + H((o * p)(t), g — p(t)), (4.18)

for every ¢ € [0,T). Similarly, using (4.15), we obtain

Q)+ [ H((wxp)s0),

[0,T]1xQ

see, e.g., [3, Theorem 3.6].
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Let t € (0,7]. Consider then a (k-indexed) sequence of partitions {sF}i—o . n, of [0,¢] with

s¢ =0 and sf_ =t such that s ¢ M for every i # 0,n, and limj_,oc max;(s¥ —s¥ ;) = 0. In view
of (4.18), the regularity of w implies that, at s, i # ny,

Q(e(s7)) < Qle(styr) + Bw(sf) — Buw(s z+1)) +H((0 % p)(s7), p(si41) — p(s7))

< Q(elst)) - / ? [ otetin) s Biats) dads

+H((0 % p)(sE), p(sk.1) — p(sF)) + 0(1) /:”1/Q|Ew(s)2dxds.

Iterating yields, with o*(s) := o(s¥, ) for s € [sF,sF, ),

Q(eo) // s)dxds
+ZH % p)(s7), p(si1) — (Sf))+0(1)/0t/Q|Ew(s)Qda:dS.

By (4.10), (4.11), and the Dominated Convergence Theorem we obtain that, as k — oo,

// : Bu(s dacds—>// s)dx ds.
Q

Q(eo) / / s)dzds < Q(e(t)) + Varg (p; 0, 1), (4.19)

We then get

where -
Varp (p;0,) = liminf 3 H (o + p)(s), p(s51) = p(s1))

We will show below that for t ¢ M and for t =T,

Vary (p;0,t) < / _H((o % p)(s,), £o(s,2)) dlp. (4.20)
[0,6]xQ P
Assuming for now that (4.20) holds true, we get from (4.19) that
Q(eo) / [ o) Bitdvis < Q)+ [ (s Lyl dil @20
[0,]xQ P

for t ¢ M and for t = T. Comparing (4.17) with (4.21) at ¢ = T immediately leads to

T
liminfs/ 9= (s)]|3ds = 0.

Combining now (4.16) and (4.21) yields the following energy equality for ¢ & M:

Q(eo) / / s)dzds = Ofe (t))+/[0 t]xﬁﬂ((g*p)(s,x),%(s,@) dpl,  (4.22)

where we used that A > |p| by [1, Proposition 1.62], hence [p|({t} x Q) = 0 for t ¢ M. This

completes the proof of the energy equality, except for those ¢ € M \ N. For such t’s we consider

a decreasing sequence {t;} C [0,7]\ M that converges to t. The energy equality (4.22) holds at

such t;, for every k. In view of (4.13) we immediately conclude that the same equality holds at ¢.
Moreover,

t + e(t) is strongly continuous in L?(€; M7X") at all points of [0,T]\ N (4.23)

sym
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and

t — u(t) is strongly continuous in BD((2) at all points of [0,T] \ N. (4.24)
Indeed, let ¢ € [0,7] \ N and let {tx} be any sequence converging to t. We can always find a
sequence {si} — ¢ such that (s;) C [0,7]\ N and s; < tj for every k. Applying (4.16) at t; and
(4.22) at s we obtain

Qe(tr)) + /

(Sk,tk) xQ

H((U*p)(s,x),%(s,x)) dlp| < Q(e(sk))—i—/:k/ﬂo(s):Ew(s) dz ds.

Since the second term on the left-handside is nonnegative, we deduce that

lim sup Qe(tr)) < lim sup Q(e(sk)) = Qle(t)),

where the last equality is a consequence of (4.13) and of the assumption {s;} C [0,7]\ N. This
proves (4.23). Since t — p(t) is continuous in the strong topology of M(Q; Mz ") at all times in
[0,7]\ N, the Korn-Poincaré Inequality in BD(2) and (4.23) yield (4.24).

Equality (4.22), together with (4.23), also implies that |p|({t} x Q) = 0 for t ¢ N. Indeed, let
t € N and let {s;} =t~ and {tx} — T, with {s}, {tx} C [0,7]\ N. By (4.22) at si and at t;
we have that

Qelts))+ /

(Sk»tk) xQ

H((U*p)(s,ac),‘%(s,x))d\ﬂ: e(s1)) /t/ s)dz ds. (4.25)

Passing to the limit as kK — oo and using (4.23), we deduce that

7]5 S, T )| =
/{t}XQH((o*p)(s,z), e )) dip| = 0
hence [p|({t} x ) = 0 by (2.2).

Step 5 — Proof of (4.20). Let 0 < t1 < to < T with t1,to ¢ M, unless t; = 0 or to = T. Since
€ Whee(0,T; LA(Q; MZxn)), for every ¢ € C(Q; Mz ") we have

sym

/Q<pe<t2>—pa<t1>>:wdx:/:/ﬂpa<s>:wdxds

In view of (4.5), (4.6), and the assumption on ¢1, ¢, this implies that

[osdwte—pt) = [ wiap (4.26)
[tl,tQ]XQ
(see, e.g., [1, Proposition 1.62]). We now recall that, by [21, Theorem 3.6],

Wil = )(00).p(t2) ~ p(01)) =sup { [ ¢ alp(ta) = pl01)) 5 ¢ € COBMEED) N K((o (1) .
Therefore, for every n > 0 there exists ¢ € C($; M?J;}) NK((o = p)(t1)) such that
Hl(o ) (1) plt2) = p(0)) < [ Cxdlot) = p(t2) + 1.
On the other hand, by (4.26) we have

: - = 2 dp o * T v s, x o|(s, @
L@ o) s = [ caps [ (o), ) dils)

where the last inequality follows from the fact that ¢ € K((o * p)(¢1)) and the definition of H.
Combining together the two previous inequalities and by the arbitrariness of 7, we conclude that

Hl(osp)t)plte) =) < [ H((oxp)tra) B s.2) dipls.0),

[t1,t2]xQ |p|
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Let now ¢ € (0,7] with t ¢ M or t = T. The inequality above immediately implies that, in the
notation of the previous step,

%mngpwzf (0 ) (st ). (0. ) dlp . )
—0o0 ; 8 S p
7+1

In turn, recalling (H3) and the uniform continuity of o*p over [0, T] x 2, we can replace (o p)(s¥, )
by (o % p)(s, ) in the right-hand side of the above inequality, since (o * p)(s¥, z) — (o * p)(s, ) can
be chosen as small as desired, provided that s — s is small enough, that is, that k is small enough.

But then the right-hand side identifies with

ni—1

(00021 ) ittt 3 [ ((onp)okogsa) 6t il ).
01 7 i
Now, since s¥ & M, for i = 1,...,n;, — 1, we have that [p|({sF} x Q) = 0, so that the second term
in the expression above is identically 0, and we get the desired inequality.
Step 6 — Proof of (4.4). Since p € BV ([0, T]; M(Q; MZ%")), the map ¢ — p(t) has a left and a right
limit with respect to the strong topology of M (Q ;s M{ ) at every t € N. By the same argument
as in (4.10) we deduce that that the map ¢ — e(¢) has a left and a right limit with respect to the
weak topology of L?(€; M7 at every t € N.

Let now t € N and {t;} — ¢t~ with {¢t,} C [0,7]\ N. Arguing as in the proof of (4.13), we
obtain that

/ Ae(ty) : e(ty) de < = / Ae(t t—)dx — /Qo(tk) :(Bw(t) — Ew(ty)) dx
+ Ballp(t=) = p(tr) 1,

hence

e(ty) — e(t—) strongly in L?(€; M"X") for every {t;,} — t~ with t, € [0,T]\ N.

sym

Analogously, for every t € N we have

e(ty) — e(t+) strongly in L?(Q; M™X™) for every {t,} — t* with t;, € [0,T]\ N.

sym
Finally, arguing as in the proof of (4.23), we conclude that the map t — e(t) has a left and a right
limit with respect to the strong topology of L?(; M) at every t € N.

Let now t € N. Let {sg} — t~ and {tx} — t*, with {sg}, {tx} C [0,T]\ N. The energy equality
(4.25) holds and by passing to the limit we deduce (4.4).

The proof of Theorem 4.1 is complete. O

Remark 4.2. Theorem 4.1 does not directly apply to the setting of the Armstrong-Frederick model
described in [11]. However the interested reader will be quickly convinced that a straightforward
adaptation of the theorem will yield the relevant result in that setting as well. The reader will also
note that the analogue of [11, Proposition 4.14] will equally apply in “real” time. In other words
a mere repetition of the proof of that proposition would yield the removal of the cap, at least for
times ¢ € [0, s1), where s1 := sup{s : [0,s] C [0,T]\ N}, with N defined in (4.2). 9

Remark 4.3. Our main result, Theorem 4.1, produces a notion of weak solution to the regularized
evolution, which is a zero-viscosity limit of some visco-plastic evolution described in Theorem 3.1.
In [19] a similar notion of weak solution is proposed through a limit process for a viscous ap-
proximation as the viscosity parameter vanishes. It is called a Balanced Viscosity solution by the
authors and it is characterized by an energy identity at all times ¢ € [0, 7] involving a variation
term, called Var; there, that encompasses the so-called Finsler cost induced by the viscous term
at the points of jump for the state field under consideration (see [19, (3.9)]).
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Thanks to Theorem 4.1, we are at liberty to assert that the energy equality (4.3) holds true at
all times, provided that we decide to set e(t) at the value e(t+) when t € N.

But then, we do conclude that the solution that we have evidenced can be viewed as a Balanced
Viscosity solution, provided that

Joea (#9252, 00)

is taken to be the definition of the variation Varj(0,t). Of course, it would remain to reconcile our
definition of the variation with that introduced in [19] which does not, in our opinion, so easily
extend to the present setting. In particular, one would have to show that

/{t}mH(“ Ae2), (5.2

can also be expressed as the Finsler cost defined in [19, (1.11)] at the jump points of the variation of
t — Var(p; 0,t), or, in other words, that there is indeed existence of a Balanced Viscosity solution
in the problem at hand.

We wish to thank the referee for prompting us to look into possible connections between those
two notions of weak solution and, more generally, for the various suggestions that improved our
manuscript. q
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